LRP1 (LDL receptor-related protein-1) is a ubiquitous receptor with both cell signaling and ligand endocytosis properties. In the liver, LRP1 serves as a chylomicron remnant receptor and also participates in the transport of extracellular cathepsin D to the lysosome for prosaposin activation. The current study showed that in comparison with wild type mice, hepatocytespecific LRP1 knock-out (hLrp1 ؊/؊ ) mice were more susceptible to fasting-induced lipid accumulation in the liver. Primary hepatocytes isolated from hLrp1 ؊/؊ mice also accumulated more intracellular lipids and experienced higher levels of endoplasmic reticulum (ER) stress after palmitate treatment compared with similarly treated hLrp1 ؉/؉ hepatocytes. Palmitatetreated hLrp1 ؊/؊ hepatocytes displayed similar LC3-II levels, but the levels of p62 were elevated in comparison with palmitate-treated hLrp1 ؉/؉ hepatocytes, suggesting that the elevated lipid accumulation in LRP1-defective hepatocytes was not due to defects in autophagosome formation but was due to impairment of lipophagic lipid hydrolysis in the lysosome. Additional studies showed increased palmitate-induced oxidative stress, mitochondrial and lysosomal permeability, and cell death in hLrp1 ؊/؊ hepatocytes. Importantly, the elevated cell death and ER stress observed in hLrp1 ؊/؊ hepatocytes were abrogated by E64D treatment, whereas inhibiting ER stress diminished cell death but not lysosomal permeabilization. Taken together, these results documented that LRP1 deficiency in hepatocytes promotes lipid accumulation and lipotoxicity through lysosomalmitochondrial permeabilization and ER stress that ultimately result in cell death. Hence, LRP1 dysfunction may be a major risk factor in fatty liver disease progression.
lipid accumulation in LRP1-defective hepatocytes was not due to defects in autophagosome formation but was due to impairment of lipophagic lipid hydrolysis in the lysosome. Additional studies showed increased palmitate-induced oxidative stress, mitochondrial and lysosomal permeability, and cell death in hLrp1 ؊/؊ hepatocytes. Importantly, the elevated cell death and ER stress observed in hLrp1 ؊/؊ hepatocytes were abrogated by E64D treatment, whereas inhibiting ER stress diminished cell death but not lysosomal permeabilization. Taken together, these results documented that LRP1 deficiency in hepatocytes promotes lipid accumulation and lipotoxicity through lysosomalmitochondrial permeabilization and ER stress that ultimately result in cell death. Hence, LRP1 dysfunction may be a major risk factor in fatty liver disease progression.
LRP1 (LDL receptor-related protein-1) is a ubiquitously expressed 600-kDa receptor that was originally identified as an endocytic receptor responsible for cellular uptake and plasma clearance of macromolecules such as apolipoprotein E-containing lipoproteins and protease-protease inhibitor complexes. Subsequent studies also established LRP1 as an integrator of signal transduction events in cell regulation (1) . Hence, normal and abnormal functions of this receptor impact the development and progression of a wide spectrum of metabolic diseases, spanning from cardiovascular disease to obesity/diabetes, neurodegenerative disorders, and tumor invasion and metastasis.
The mechanism underlying LRP1 modulation of disease risk varies in a tissue-specific manner (2) . For example, LRP1 is a signaling receptor in smooth muscle cells, and its defect causes aortic aneurysm and accelerates vascular occlusive diseases through activation of the PDGF receptor-␤ signaling cascade (3, 4) . Additional studies revealed that LRP1 also regulates PI3K and TGF-␤ signaling in smooth muscle cells, with broad implications for its role in Marfan syndrome manifestation (5) . In macrophages, LRP1 is also a signaling receptor in modulating inflammatory response and cell migration (6) . Defective expression of LRP1 in macrophages impairs Akt phosphorylation, leading to robust inflammation, defective efferocytosis, and accelerated atherosclerosis (7) (8) (9) . In adipocytes, LRP1 participates in pre-adipocyte differentiation to mature adipocytes via modulation of PPAR␥ expression and canonical Wnt-5a signaling, both of which control regulation of the adipogenic program (10, 11) . However, defective LRP1 in mature adipocytes reduces adiposity due to impaired triglyceride-rich lipoprotein uptake (12) . Thus, LRP1 has dual signal transduction and cargo endocytosis functions in adipocyte biology. In hepatocytes, in addition to chylomicron remnants and protease complex clearance, LRP1 is also required to complement the mannose 6-phosphate receptor for appropriate lysosomal enzyme trafficking, and its defect impairs prosaposin activation, leading to reduced ABCA1 cell surface translocation and lower HDL secretion (13) .
The lysosome is an important intracellular organelle responsible for processing and degradation of macromolecules derived from secretory, endocytic, and autophagic pathways (14) . In particular, the lysosome regulates intracellular lipid mobilization via the autophagic-lysosomal machinery known as lipophagy (15, 16) . Hence, the impairment of lysosomal function may lead to excessive lipid accumulation (steatosis) and cell death (17) . Accordingly, the participation of LRP1 in lysosomal enzyme trafficking and prosaposin activation in hepatocytes suggests an important role of LRP1 in modulating hepatosteatosis and lipoapoptosis. This study was undertaken to test this hypothesis.
Experimental Procedures
Animals and Tissue Analysis-Liver-specific LRP1-null (hLrp1 cre recombinase transgenic mice in C57BL/6 background (Jackson Laboratory, Bar Harbor, ME) as described previously (13) . The animals were maintained under controlled environmental conditions with free access to food and water. All experimental procedures were performed with protocols approved by the University of Cincinnati Institutional Animal Use and Care Committee. The animals were euthanized during the fed state (fed ad libitum) or after a 24-h fast. Livers were removed after perfusion with ice-cold phosphate-buffered saline through the hepatic portal vein. The livers were fixed by immersion in neutral buffered formalin (10%), dehydrated in ethanol, and then transferred to xylene solution for embedding in paraffin. Five-micron sections were stained with hematoxylin-eosin, and images were analyzed by microscopy. Lipid accumulation was identified microscopically as lipid vacuoles after hematoxylin-eosin staining (18) . The livers were also homogenized for lipid extraction with chloroform/methanol (2:1), and amounts of triglycerides in each sample were determined by colorimetric assay kit (Life Technologies, Inc.) as described (13) .
Primary Hepatocyte Isolation and Culture-Wild type and hLrp1 Ϫ/Ϫ mice were anesthetized at 20 weeks of age by isoflurane inhalation. Primary hepatocytes were collected by perfusion with Krebs-Henseleit buffer containing 0.5 mM EGTA and then infused with a digestion solution of Krebs-Henseleit buffer containing 125 units/ml collagenase (Sigma) and 2% BSA at a rate of 6 ml/min/g of liver. The hepatocytes were washed in William's E media (Life Technologies) with penicillin, streptomycin, and L-glutamine followed by a final wash in Percoll solution (GE Healthcare) diluted in PBS. The cells were allowed to incubate in William's E media overnight before treatment. For experiments, the William's E media were removed, and cells were rinsed with PBS. The hepatocytes were incubated for 6 h in HepatoZYME (Life Technologies) containing penicillin and streptomycin with fatty acid-free albumin or palmitate-albumin complex. In selected experiments, the cell-permeable cysteine protease inhibitor E64D (Sigma), tauroursodeoxycholate (Sigma), or thapsigargin (Sigma) dissolved in DMSO was also included during the incubation period. A similar volume of DMSO without inhibitors served as the control for the latter experiments.
Hepatocyte Lipid Accumulation in Vitro-The hLrp1 ϩ/ϩ and hLrp1 Ϫ/Ϫ hepatocytes were plated in 12-well dishes and incubated for 6 h with VLDL or palmitate-BSA complexes, using fatty acid-free BSA as a control. The cells were washed in PBS, fixed in 4% formalin solution, and then permeabilized with 60% isopropyl alcohol before staining with Oil Red O and counterstained with Gill's hematoxylin (Sigma). Microscopic images were obtained on an Olympus IX71 microscope and analyzed using ImageJ software. Intracellular lipids were extracted with isopropyl alcohol, and Oil Red O staining was quantified by absorbance at 510 nm and normalized to protein content determined by a bicinchoninic assay (Thermo Fisher Scientific).
Oxidant Stress and Mitochondrial Permeability Determinations-Primary hepatocytes were incubated with 10 M 2Ј,7Ј-dichlorofluorescin diacetate (Invitrogen) for 1 h, washed with DAPI diluted in PBS, and then fixed for visualization by fluorescent microscopy on an Olympus IX71 microscope with excitation at 495 nm and emission at 529 nm. Changes in mitochondrial membrane potential were determined by incubating cells with 10 mM tetramethylrhodamine methyl ester (Life Technologies) in DMSO for 30 min at 37°C. For cytochrome c leakage determinations, the hepatocytes were fixed in ice-cold methanol and then permeabilized using 0.1% Triton X-100 in PBS. Cells were then blocked in 10% BSA in PBS, incubated with antibody against cytochrome c (Cell Signaling) overnight at 4°C, followed by a 1-h incubation with anti-rabbit fluorescently linked secondary antibody diluted in 10% BSA in PBS. For the latter two experiments, cells were also counterstained with DAPI before visualization with excitation at 495 nm and emission at 525 nm, followed by excitation at 358 nm and emission at 461 nm. Images of 200 cells were obtained at ϫ200 magnification for each experiment, and the data were analyzed using ImageJ software.
Cell Viability, Nuclear Fragmentation, Lysosomal Permeability, and Autophagy Assays-Viability of hLrp1 ϩ/ϩ and hLrp1 Ϫ/Ϫ hepatocytes after incubation with or without fatty acids was determined by dye exclusion after staining for 15 min with 100 g/ml ethidium bromide (Sigma) and 100 g/ml acridine orange (Sigma) in PBS. Cell lysates were also prepared after incubation and used to measure caspase-3 activation using the Caspase-3 Activation Kit from Life Technologies (catalog no. 13184). The number of cells with nuclear fragmentation and permeabilized lysosomes was determined after incubation with 4.64 M acridine orange in sterile Earle's balanced salt solution for 15 min as described (19) . Images were obtained at ϫ400 magnification with excitation at 495 nm and emission at 519 nm and then excitation at 585 nm and emission at 570 nm as described (20) . Hepatocyte apoptosis was assessed by TUNEL staining using the protocol supplied by the manufacturer (Roche Diagnostics). Before mounting on slides, the hepatocytes were washed with DAPI diluted in PBS. Images were obtained at ϫ200 magnification with DAPI staining visualized by excitation at 330/390 nm and emission at 450/600 nm. TUNEL staining was visualized by excitation at 495 nm and emission at 519 nm. All microscopic images were obtained on an Olympus IX71 microscope and analyzed using ImageJ software. Confocal microscopic images were obtained on a Zeiss Laser Scanning Microscope 710 after immunostaining of formalin-fixed and 1% Triton-permeabilized cells with antibodies against LC3 (catalog no. 2775, Cell Signaling) or p62 (catalog no. 610832, BD Biosciences) and detected with fluorescent secondary antibodies (catalog no. Z25002, Thermo Fisher Scientific) with DAPI counterstain.
Western Blotting Analysis-Primary hepatocytes were washed extensively with PBS after incubation before lysis in ice-cold radioimmune precipitation assay buffer (Thermo Fisher Scientific) containing protease and phosphatase inhibitor mixture (Roche Diagnostics). Proteins in the cell lysate were resolved by SDS-polyacrylamide gel electrophoresis and then transferred to polyvinylidene difluoride membranes (Bio-Rad). The membranes were blocked in Odyssey blocking buffer (LI-COR) with 0.1% Tween 20 for 1 h at 4°C and then incubated for 90 min with a 1:1000 dilution of primary antibodies. Primary antibodies used in this study include ␣-tubulin antibody (catalog no. MS-581-P1, Thermo Fisher Scientific), p62 antibody (catalog no. 5114, Cell Signaling), LC3 antibody (catalog no. 2775, Cell Signaling), ATF6 (activating transcription factor 6; catalog no. ab11909, Abcam), CHOP 2 (catalog no. 2895, Cell Signaling), phospho-IRE␣ (catalog no. PA1-16927, Thermo Fisher Scientific), IRE␣ (catalog no. ab48187, Abcam), and phosphorylated and total PERK (catalog nos. 3179 and 3192, Cell Signaling). The membranes were washed and then incubated with fluorescent secondary antibodies for 45 min and then examined using an Odyssey LI-COR scanner. Densitometry was completed using ImageJ software.
Statistical Analysis-Statistical analysis was performed with Sigma Plot version 12. Values were expressed as mean Ϯ S.D. Multiple comparisons were first tested by Student's t test or analysis of variance. When analysis of variance demonstrated significant differences, individual mean differences were analyzed with the Student-Newman-Keuls test. A value of p Ͻ 0.05 was considered to be statistically significant.
Results

Hepatic LRP1 Deficiency Exacerbates Fasting-induced Lipid
Accumulation in the Liver-The role of LRP1 in modulating intracellular lipid metabolism in the liver was explored initially by comparing intracellular lipid accumulation in the liver of wild type (hLrp1 ϩ/ϩ ) and hepatocyte-specific Lrp1 knock-out (hLrp1 Ϫ/Ϫ ) mice. Liver morphology and histology were similar between hLrp1 ϩ/ϩ and hLrp1 Ϫ/Ϫ mice, and minimal lipid accumulation was observed in the livers of these animals when fed ad libitum (data not shown). However, when the animals were fasted for 24 h, significant amounts of vacuoles indicative of lipid accumulation were detected in liver sections prepared from both hLrp1 ϩ/ϩ and hLrp1 Ϫ/Ϫ mice (Fig. 1A) . Quantification of lipids extracted from the livers of these animals revealed a ϳ3-fold increase in triglyceride content in the livers of hLrp1 Ϫ/Ϫ mice compared with that observed in hLrp1 ϩ/ϩ mice (Fig. 1B) .
Fatty Acid-dependent Lipid Accumulation in HepatocytesTriglyceride accumulation observed in hLrp1
Ϫ/Ϫ mice with defective expression of a triglyceride-rich lipoprotein receptor in the liver was a surprised finding. Indeed, when primary hepatocytes isolated from hLrp1 ϩ/ϩ and hLrp1 Ϫ/Ϫ mice were incubated with or without VLDL, significantly less lipid accumulation was observed in hepatocytes without LRP1 expression ( Fig.  2A) . We recognized that nonesterified fatty acids released from adipose tissues may also be transported to the liver, especially under fasting conditions, to serve as nutrients and substrates for lipoprotein biosynthesis (21, 22 (Fig. 2B ).
Impaired Lipophagy with Defective LRP1 Expression in
Hepatocytes-The next set of experiments was undertaken to explore the mechanism underlying the increased lipid accumulation observed in palmitate-treated hLrp1 Ϫ/Ϫ hepatocytes. Consideration was given to previous reports that autophagymediated lipid transport to lysosomes is required for intracellular lipid droplet breakdown (24) and our observation that defective LRP1 expression in hepatocytes reduces intracellular cathepsin D content and prosaposin activation (13) , both of which have been linked to impairment of autophagic degradation (25, 26) . Thus, we explored the possibility that the elevated lipid accumulation observed in hLrp1 Ϫ/Ϫ hepatocytes may be due to defective lipophagic degradation of lipid droplets stored intracellularly in response to palmitate treatment. Western blotting analysis of lysates prepared from control-and palmitate-treated hLrp1 ϩ/ϩ and hLrp1 Ϫ/Ϫ hepatocytes showed a slight albeit not significant increase of LC3-II levels (Fig. 3A) . In contrast, significant elevation of p62 accumulation was noted in palmitate-treated hLrp1 Ϫ/Ϫ hepatocytes compared with that observed in hLrp1 ϩ/ϩ hepatocytes (Fig. 3B) . Analysis of confocal microscopy images revealed the formation of LC3 punctae in both hLrp1 ϩ/ϩ and hLrp1 Ϫ/Ϫ hepatocytes, with a significantly higher number of p62-positive punctae in LRP1-deficient hepatocytes (Fig. 3, C and D) . These results indicate that LRP1 deficiency has no direct influence on autophagosome formation, but defective lysosomal degradation of lipid droplets in autophagolysosomes is responsible for the elevated lipid accumulation in hLrp1 Ϫ/Ϫ hepatocytes. Hepatic LRP1 Deficiency Exacerbates Palmitate-induced Cell Death-The overaccumulation of intracellular lipids due to defective lipophagic degradation of lipid droplets may also lead to ER and oxidative stress as well as mitochondrial dysfunction that ultimately results in cell death (27, 28) . Indeed, a significantly higher level of CHOP expression was observed in palmitate-treated hLrp1 Ϫ/Ϫ hepatocytes compared with hLrp1 ϩ/ϩ hepatocytes (Fig. 4A) . The elevated expression of this apoptotic cell marker was concomitant with induction of ER stress through specific activation of ATF6 (Fig. 4B) . Interestingly, LRP1 inactivation has no effect on the IRE1␣ (inositol-requiring 1␣) and PERK arms of the ER stress pathway (Fig. 4, C and  D) . Consistent with elevated ER stress observed in LRP1-deficient hepatocytes after palmitate treatment, the determination of cellular reactive oxygen species with the cell-permeable fluorescent dye 2Ј,7Ј-dichlorofluorescin diacetate also revealed a significantly higher number of hLrp1 Ϫ/Ϫ hepatocytes displaying oxidative stress after incubation with palmitate in comparison with similarly treated hLrp1 ϩ/ϩ hepatocytes (Fig. 5A) . We also observed an increased number of hLrp1 Ϫ/Ϫ hepatocytes exhibiting mitochondrial depolarization, as indicated by the reduced tetramethylrhodamine methyl ester orange/red fluorescence (29), compared with hLrp1 ϩ/ϩ hepatocytes after incubation with 250 M palmitate (Fig. 5B) . Finally, significantly more hLrp1 Ϫ/Ϫ hepatocytes also displayed a disperse pattern of cytochrome c immunofluorescence indicative of increased mitochondrial membrane permeability compared with hLrp1 ϩ/ϩ hepatocytes after incubation with palmitate (Fig. 5C) .
The increase of CHOP expression and mitochondrial membrane permeability observed in hLrp1 Ϫ/Ϫ hepatocytes after palmitate treatment is consistent with cell death. This interpretation was supported by additional experiments that showed that cell viability, as determined by ethidium bromide and acridine orange staining, was dramatically lower in hLrp1 Ϫ/Ϫ hepatocytes compared with hLrp1 ϩ/ϩ hepatocytes after palmitate incubation (Fig. 6A) . A higher number of hLrp1 Ϫ/Ϫ hepatocytes compared with hLrp1 ϩ/ϩ hepatocytes also exhibited nuclear fragmentation and apoptosis characteristics after palmitate treatment (Fig. 6, B and C) . The increased sensitivity of hLrp1 Ϫ/Ϫ hepatocytes to palmitate-induced apoptosis was further confirmed by elevated caspase-3 activation (Fig. 6D) . Taken together, these results indicate that LRP1 deficiency in hepatocytes increased their sensitivity to palmitate-induced cell death, through mechanisms related to ER and oxidative stress and mitochondrial dysfunction.
Hepatic LRP1 Deficiency Increases Sensitivity to Palmitateinduced Lysosomal Permeabilization-One mechanism that links saturated fatty acid-induced mitochondrial dysfunction and cellular stress with hepatotoxicity is lysosomal disruption (30) . Therefore, additional experiments were performed to compare lysosomal permeability between hLrp1 ϩ/ϩ and hLrp1 Ϫ/Ϫ hepatocytes. Acridine orange staining of hLrp1
and hLrp1 Ϫ/Ϫ hepatocytes incubated in the absence of palmitate revealed a distinct punctate staining pattern indicative of intact acidic lysosomal environments in both cell types. The acridine orange staining became more diffuse with increasing concentrations of palmitate in the incubation media, indicative of lysosomal permeabilization. Importantly, when incubated with equal concentrations of palmitate, more hLrp1 Ϫ/Ϫ hepatocytes displayed lysosomal permeabilization compared with hLrp1 ϩ/ϩ hepatocytes (Fig. 7) . Thus, these data revealed the importance of LRP1 expression to preserve lysosomal integrity and protect against palmitate-induced lysosomal leakage.
Cysteine Protease Inhibitor Attenuates Lipotoxicity, Steatosis, and ER Stress in Palmitate-treated hLrp1
Ϫ/Ϫ HepatocytesThe relationship between elevated ER stress and lysosomal permeabilization in increased hLrp1 Ϫ/Ϫ hepatocyte death was explored by comparing the effectiveness of the ER stress inhib- itor tauroursodeoxycholate and the cysteine protease inhibitor E64D to attenuate palmitate-induced hepatotoxicity and steatosis. Results showed that E64D treatment reduced ATF6 cleavage and reduced lipid accumulation concomitant with increased viability of palmitate-treated hLrp1 Ϫ/Ϫ hepatocytes to levels observed with hLrp1 ϩ/ϩ hepatocytes (Fig. 8) . Interestingly, reducing ER stress with tauroursodeoxycholate treatment improved the viability of palmitate-treated hLrp1 Ϫ/Ϫ hepatocytes to levels observed in hLrp1 ϩ/ϩ hepatocytes (Fig. 9 , A and B) but failed to correct the lysosomal permeability observed in palmitate-treated hLrp1 Ϫ/Ϫ hepatocytes (Fig. 9C) . Moreover, in addition to exacerbating palmitate-induced ER stress and cell death, LRP1 deficiency also increased cell death and apoptosis induced by thapsigargin (Fig. 10) . Taken together, these data indicate that the elevated sensitivity of hLrp1 Ϫ/Ϫ hepatocytes to palmitate-induced cell death is caused by increased lysosomal dysfunction and membrane permeability as well as accelerated ER stress.
The heightened sensitivity of LRP1-deficient hepatocytes to palmitate-induced lysosomal dysfunction, lipophagic degradation, and ER stress observed in vitro suggested that the lipids accumulated in the liver of fasted hLrp1 Ϫ/Ϫ mice may be due to similar defects in vivo. Indeed, Western blotting analysis of cell extracts prepared from livers of hLrp1 ϩ/ϩ and hLrp1 Ϫ/Ϫ mice after a 24-h fast showed higher levels of CHOP, ATF6, and p62 in livers of hLrp1 Ϫ/Ϫ mice (Fig. 11) . Similar to the results observed with primary hepatocytes in vitro, no difference in IRE1 and PERK phosphorylation or LC3-I/LC3-II ratio were detected in livers of fasted hLrp1 ϩ/ϩ and hLrp1 Ϫ/Ϫ mice (Fig.  11) . In contrast to the in vitro experiments, we did not observe any signs of hepatocyte cell death after a 24-h fasting period. Whether prolonged starvation would lead to hepatocyte cell death in LRP1-deficient mice cannot be assessed because of animal care regulatory issues.
Discussion
The increasing prevalence of obesity and chronic consumption of high fat diets in Western countries has resulted in 17-30% of the population suffering from the pathological condition of nonalcoholic fatty liver disease (31, 32) . Although the condition is generally asymptomatic and considered benign, ϳ10 -20% of nonalcoholic fatty liver disease cases progress to nonalcoholic steatohepatitis, a chronic liver disease characterized by fatty liver degeneration, fibrosis, and inflammation. Nonalcoholic steatohepatitis can also progress to cirrhosis, a state of advanced liver dysfunction that requires immediate medical intervention. Approximately 70% of the cirrhosis cases also proceed to hepatocellular carcinoma, the fifth most common cancer worldwide (31, 32) . However, despite being a major health issue, identifying nonalcoholic fatty liver disease patients that are prone to nonalcoholic steatohepatitis, cirrhosis, and hepatocellular carcinoma proves to be difficult because the etiology and mechanism underlying this disease progression remain unclear. Whereas steatosis is a prerequisite, a second hit involving environmental and/or genetic factors appears to be necessary for nonalcoholic fatty liver disease progression to nonalcoholic steatohepatitis and liver cirrhosis (33) . A recent study demonstrating the association between low LRP1 expression levels with poor hepatocellular carcinoma prognosis suggested that LRP1 dysfunction may promote liver disease progression (34) .
The current study provided mechanistic insights to support the hypothesis that the LPR1 defect promotes liver diseases. Our results documented that LRP1 deficiency exacerbates palmitate-induced hepatosteatosis and cell death. The elevated steatosis observed in the livers of fasted hLrp1 Ϫ/Ϫ mice and palmitate-induced triglyceride accumulation in LRP1-deficient hepatocytes is counterintuitive, considering the well documented role of LRP1 as a chylomicron receptor responsible for the clearance of triglyceride-rich lipoproteins (35) . However, it should be noted that LRP1 deficiency in the liver does not impair chylomicron remnant clearance ϩ/ϩ (filled bars) and hLrp1 Ϫ/Ϫ (open bars) hepatocytes after incubation with or without 250 M palmitate were subjected to Western blotting with antibodies against LC3B (A) to detect LC3-I and LC3-II and p62 (B). Expression levels were determined by densitometry and normalized to the ␣-tubulin levels as arbitrary units (A.U.). Representative images of the blots are shown at the top of A and B. The hepatocytes after incubation were also examined by confocal microscopy, and representative images with quantification of LC3 and p62 punctae are shown in C and D. The data are presented as mean Ϯ S.E. (error bars) of three independent experiments, each performed in duplicate. *, significant difference from the hLrp1 ϩ/ϩ group at p Ͻ 0.01.
because the LDL receptor also binds to apolipoprotein E-containing lipoproteins and can be utilized for chylomicron remnant internalization into hepatocytes. Thus, defective expression of both LRP1 and LDL receptor in the liver is necessary to exhibit defects in chylomicron remnant catabolism (35) . Moreover, and in contrast to fed and postprandial conditions in which triglyceride-rich lipoproteins are the major source of fatty acid delivered to the liver, the main source of lipid nutrients transported to the liver under fasting conditions is nonesterified fatty acids originating from extrahepatic lipid storage tissues, such as the adipocytes (21, 22) . The increase in starvation-induced lipid accumulation observed in hLrp1 Ϫ/Ϫ mice indicates that LRP1 does not participate in nonesterified fatty acid uptake by the liver but plays an important role in intracellular lipid processing in hepatocytes after fatty acid internalization.
Fatty acid metabolism in the liver is a dynamic process in which the fatty acids may undergo ␤-oxidation in the mitochondria or may be used as substrates for membrane and lipoprotein biosynthesis. Excess fatty acids are re-esterified to triglycerides and stored as lipid droplets in the cytosol. Lipid droplet turnover and mobilization are accomplished through the action of cytosolic triglyceride lipases (36) or by lipophagic degradation (16) . The latter process requires the sequestration of lipid droplets into autophagosomes, which then fuse with lysosomes to form autophagolysosomes, where the triglycerides can be hydrolyzed by acid lipases in the lysosomes (16) . Impairment of the autophagic process has been shown to increase triglyceride storage in lipid droplets (15, 24, 37) . In the current study, we found that LRP1 deficiency significantly increases lipid accumulation in response to palmitate incubation. Results showing no difference in LC3-II levels between palmitate-treated hLrp1 ϩ/ϩ and hLrp1 Ϫ/Ϫ hepatocytes indicated that LRP1 deficiency does not influence the autophagosome formation in hepatocytes. However, the higher p62 levels observed in hLrp1 Ϫ/Ϫ hepatocytes suggest that impairment in the final step of autophagy (i.e. degradation of the lipid droplets in autophagolysosomes) is responsible for the elevated lipid accumulation in LRP1-defective hepatocytes. These results are in contrast to a previous report showing that LRP1 is required for LC3-II generation in toxin-induced autophagy of gastric epithelial cells (38) . The difference between these studies may be due to cell type-specific differences, which further highlights differences in LRP1 functions among various tissues. Regardless, defective lipophagic degradation in the lysosomes of hLrp1 Ϫ/Ϫ hepatocytes is consistent with our previous report showing that LRP1 deficiency impairs prosaposin activation and reduces the level of the aspartyl protease cathepsin D in hepatic cells (13) . Deficiencies in prosaposin activation and reduced cathepsin D levels have been shown previously to alter autophagy, leading to increased intracellular lipid accumulation in a rare variant form of Gaucher disease (26, 39) .
In addition to elevated palmitate-induced lipid accumulation, the current study showed that LRP1 deficiency also increases hepatocyte sensitivity to palmitate-induced cell death. It is important to note that no difference in cell viability was observed between hLrp1 ϩ/ϩ and hLrp1 Ϫ/Ϫ hepatocytes under normal culturing conditions. Thus, lipophagy impairment due to LRP1 deficiency may account for the increased sensitivity of hLrp1 Ϫ/Ϫ hepatocytes to palmitate-induced apo- ptosis. Previous studies have shown that lipophagy protects hepatocytes against oxidant stress and lipotoxicity (40, 41) . Thus, our observations that the elevated reactive oxygen species production and reduced viability of palmitate-treated hLrp1 Ϫ/Ϫ hepatocytes, which can be improved by the cysteine protease inhibitor E64D, provided additional support for the interpretation that LRP1 deficiency in hepatocytes impairs lipophagy to promote palmitate-induced lipid accumulation, lysosomal permeabilization, mitochondrial dysfunction, ER stress, and apoptosis. The observation that ER stress inhibition alleviates palmitate-induced cell death but not lysosomal permeabilization in hLrp1 Ϫ/Ϫ hepatocytes indicates that LRP1 deficiency promotes lysosomal dysfunction that leads to mitochondrial depolarization, cytochrome c release, reactive oxygen species generation, and subsequently elevated ER stress with the consequence of accelerated cell death. Taken together, the results of this study indicate that LRP1 deficiency exacerbates diet-induced liver diseases by pro- Liver extracts prepared from hLrp1 ϩ/ϩ (filled bars) and hLrp1 Ϫ/Ϫ (open bars) mice after a 24-h fast were subjected to Western blotting analysis of ER stress and autophagic markers as indicated. The inset shows representative images of the blots with ␣-tubulin (bottom bands in CHOP, ATF6, and p62 blots), phosphorylated and total IRE1, and phosphorylated and total PERK levels. The data are presented as mean Ϯ S.E. (error bars) of two independent experiments, each performed with four mice in each group. *, significant difference from the hLrp1 ϩ/ϩ group at p Ͻ 0.05.
